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N-METHYL-D-ASPARTATE RECEPTOR (NMDAR)-mediated activity
is critical for the development of whisker-specific neural patterns in the mouse brain. Genetic function blocking studies by targeted knockout of the NR1 or NR2B subunit genes led to failure in whisker-related pattern formation in the trigeminal brain-stem and downstream thalamic and cortical somatosensory centers (Iwasato et al. 1997; Kutsuwada et al. 1996; Li et al. 1994) . Absence of NR1 subunit gene in excitatory cortical neurons (cortex-specific NR1 knockout, CxNR1KO mice) yielded a phenotype in which the thalamic and brain-stem whisker patterns were normal but in the neocortex layer IV stellate cells failed to form barrels (Iwasato et al. 2000) . In wild-type mice, dendritic trees of layer IV stellate cells show a biased orientation toward patches of whisker-specific thalamocortical afferent (TCA) terminals (Datwani et al. 2002; Lee et al. 2005; Steffen and Van der Loos 1980) . In CxNR1KO mice, this orientation bias was absent even though the TCAs formed rudimentary patterns related to the five rows of large whiskers (Datwani et al. 2002; Iwasato et al. 2000) . Detailed analyses of single TCA arbors in these mice showed that there is extensive terminal branching, the area of which could occupy multiple barrels if they were present (Lee et al. 2005) .
CxNR1KO mice were generated using Emx1cre and floxed NR1 mouse lines; therefore, all excitatory neurons in the neocortex, hippocampus and the olfactory bulb lack functional NMDARs (Iwasato et al. 2000) . These mice are viable for up to a month and a half in age, are smaller in size, and display severe behavioral abnormalities. For the somatosensory system, not much is known at a functional level other than the detailed morphological analyses of the development of their barrel cortex (Datwani et al. 2002; Lee et al. 2005) . In this study, we used thalamocortical slice preparations, in vivo electrophysiological recordings, voltage-sensitive dye imaging, and immunohistochemical analysis of immediate early gene, c-fos, expression following natural or artificial whisker stimulation to assess the consequences of impaired NMDAR function in the somatosensory cortex.
Our results first confirmed that layer IV excitatory neurons in CxNR1KO mice lack NMDAR-mediated postsynaptic responses. We discovered that in the absence of functional NMDARs, temporal summation of repetitive thalamic inputs is impaired, and the tonic response of cortical neurons to whisker deflection is reduced markedly. In line with morphological results, single layer IV excitatory neurons receive more convergent thalamic inputs in CxNR1KO mice than those in control mice. Activity-dependent voltagesensitive dye imaging and immediate early gene, c-fos, expression in CxNR1KO mice also revealed activation of wider cortical areas and absence of whisker-barrel matching in the primary somatosensory (S1) cortex. These findings indicate that CxNR1KO mice have poor spatial discrimination of whisker-related inputs and impaired precision in topographic connectivity between the whisker barreloids in the thalamus and the barrels in the cortex.
MATERIALS AND METHODS
Generation of the CxNR1KO mouse line was described previously (Iwasato et al. 2000) . Defects in thalamocortical axon patterning and cellular patterning in these mice were also reported in detail (Datwani et al. 2002; Lee et al. 2005) . For the present study, we mated Emx1-Cre females and NR1-flox males to obtain CxNR1KO mice (Iwasato et al. 2000) . We used Emx1
Cre/ϩ ; NR1 flox/Ϫ (CxNR1KO) and controls (Emx1 Cre/ϩ ; NR1 flox/ϩ , NR1 flox/Ϫ alone or NR1 flox/ϩ mice) on 2-to 4-wk-old mice for in vitro thalamocortical slice physiology and voltage-sensitive dye imaging experiments. Juvenile (4 -5 wk old) CxNR1KO and con-trols were used for in vivo electrophysiology and postnatal day (P) 15 mice for c-fos experiments. Genotypes were determined by PCR from tail lysate DNA samples as reported previously (Datwani et al. 2002; Iwasato et al. 2000; Lee et al. 2005 Whisker stimulation. Previously, Staiger et al. (2000 Staiger et al. ( , 2002 showed that exploration of a novel environment induces expression of transcription factors and immediate early genes in a patterned fashion in the rat barrel cortex. We used a similar paradigm and obtained whisker row-specific immediate early gene, c-fos, expression in the barrel cortex and in the subcortical trigeminal centers of control mice. Adult CxNR1KO mice do not readily explore their environment and are smaller in size compared with controls. At younger ages, mutant mice are similar in their weight and behavior to their littermates. Thus we chose P15 for whisker stimulation in knockout and control animals. We first shaved all of the whiskers except C row whiskers. The following day, individual mice were placed in a plastic well with their heads poking out, and the intact row C whiskers were stimulated with a small horsehair paintbrush for 30 min. Forty-five minutes after the stimulation session, the mice were euthanized and perfused with 4% buffered paraformaldehyde (PFA). These experiments were carried out in four control and four 4-wk-old CxNR1KO mice.
Immunohistochemistry. Cortices were dissected and flattened in PFA. The remainder of the brain was sectioned in the coronal plane at 50-m thickness with a vibratome (Leica VT1000 S). After several rinses in phosphate buffer (PB), free-floating sections were incubated in antibody (Ab) solutions at 4°C for 48 h. We performed triple immunostaining using Abs against NeuN for neuronal labeling, vesicular glutamate transporters 1 or 2 for afferent terminals in the principal sensory trigeminal (PrV) nucleus (VGLUT1), ventroposteromedial (VPM) thalamic nucleus, and the barrel cortex (VGLUT2) and c-fos for activity-dependent immediate early gene expression in all three trigeminal stations. The primary Abs were rabbit polyclonal c-fos Ab (1:500; Santa Cruz Biotechnology), guinea pig polyclonal Ab VGLUT2 (1:500; Millipore Bioscience), guinea pig polyclonal Ab VGLUT1 (1:500; Millipore Bioscience), and mouse monoclonal Ab NeuN (1:500; Millipore Bioscience). After primary Abs were washed from the sections, fluorescent secondary Abs (FITC-conjugated donkey antiguinea pig, 1:80; Cy3-conjugated donkey anti-rabbit, 1:125; and Alexa 647-conjugated donkey anti-mouse, 1:125; all from Jackson ImmunoResearch Laboratories) were applied for 1.5 h. Afterward, the sections were rinsed in PB several times, mounted onto glass slides, and coverslipped with fluorescence mounting medium.
The sections were examined under a Nikon Eclipse 90i fluorescent microscope, and regions of interest (ROI) were photographed using filters of different wavelengths appropriate for the fluorescent tag of each secondary Ab and using the NIS-Elements software.
Brain slice preparation for electrophysiology. Mice (10 wild-type and 9 CxNR1KO) were anesthetized by intraperitoneal injection of pentobarbital (100 mg/kg) and decapitated. The brain was rapidly removed and immersed in cold (4°C) sucrose-based artificial cerebrospinal fluid (ACSF; in mM: 75 sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , 25 NaHCO 3 , 25 glucose, 0.5 CaCl 2 ) bubbled with 95% O 2 -5% CO 2 (pH 7.4). Thalamocortical slices were cut (400 m) with a vibratome (Campden 7000smz) in sucrose-based ACSF at an angle of 55°from the midsagittal plane and 10°from the coronal plane (Agmon and Connors 1992; Lee et al. 2005) . After 40-min incubation in sucrose-based ACSF at 35°C, the slices were transferred into normal ACSF (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 25 NaHCO 3 , 25 glucose, 2 CaCl 2 , pH 7.4) at room temperature for at least 1 h. The slice containing the thalamocortical pathway was transferred into a submerged-type recording chamber (RC-27L; Warner Instruments) and continuously perfused (Ͼ2 ml/min) with normal ACSF at room temperature. During electrophysiological recording, 50 M picrotoxin was added into the ACSF to block GABAergic responses.
Electrophysiology. Whole cell-patch micropipettes were pulled horizontally in four stages from borosilicate glass [K150F-4; World Precision Instruments (WPI)] with a P-87 puller (Sutter Instrument). The patch electrodes were backfilled with a cesium-based intracellular solution (in mM: 115 CsMeSO 3 , 10 NaCl, 1 KCl, 4 MgCl 2 , 1 MgCl 2 , 11 EGTA, 20 HEPES, 3 Na 2 -ATP, 0.5 Na 2 -GTP, 0.1 spermine, pH 7.25, Ͼ290 mosM) with a tip resistance of 5-9 M⍀. Layer IV excitatory neurons in the barrel cortex were visualized with infrared light/differential interference contrast optics of Olympus BX51WI upright microscope. After forming whole cell configuration, depolarizing current pulses were passed through the patch pipette to identify firing pattern of excitatory neurons (Agmon and Connors 1992; Beierlein et al. 2003) in current-clamp mode. A concentric stimulating electrode (TM33CCINS; WPI) was inserted into the VPM. Electrical pulses (0.3-ms duration, 0.2 Hz, 0 -800 A) were passed through the electrode to evoke excitatory postsynaptic responses in both currentand voltage-clamp mode. Paired pulses at an interval of 200 ms were delivered to test the paired-pulse ratio (PPR) of layer IV neurons. All biological data were acquired by an InstruTECH ITC-16 Data Acquisition Interface unit and stored on a Dell DM061 computer with PULSE (HEKA) software.
Multiple input index analysis. Layer IV excitatory neurons were voltage-clamped at ϩ60 mV to show excitatory postsynaptic currents (EPSCs) induced by stimulation of VPM at 0.2 Hz, and the stimulus intensity was gradually increased from 0 to 800 A at steps of 10 A as described previously . The peak amplitudes of EPSCs were measured and plotted against stimulus intensity. The amplitude of EPSCs enhanced in a stepwise manner following the increase in stimulus intensity. We first measured the baseline noise of recordings and calculated the standard deviation (SD) of the noise. The variation in amplitude of EPSCs was analyzed. If the amplitude of an EPSC was larger than the prior EPSC by Ͼ3 times of SD, a "jumping step" was defined, because the fluctuation of EPSCs induced by the same stimulus intensity was always Ͻ3 times of noise SD. The number of jumping steps (multiple input index, MII) provided an estimate of the lower limit number of VPM neurons that innervate the recorded cortical neuron.
In vivo electrophysiology. Five-week-old control (n ϭ 9) and knockout mice (n ϭ 7) were anesthetized by intraperitoneal injection of urethane (1.5 g/kg body wt). Supplemental doses of urethane (0.5 g/kg) were given when needed to keep the animal without pain reflex. The head was fixed in a stereotaxic adaptor (515625M; Stoelting). A craniotomy was performed to expose the barrel cortex (1-3 mm posterior to bregma, 2-4 mm lateral from midline). Glass microelectrodes filled with 3 M NaCl (20 -40 M⍀) were used for extracellular recordings and 3 M KAc (50 -80 M⍀) for intracellular recordings from layer II to VI neurons in the barrel cortex. The whiskers on the contralateral side were stimulated by air puffs (20 psi, 300 ms at 0.33 Hz) generated by a pneumatic pressure pump (Picospritzer II; Parker Hannifin, Pine Brook, NJ) so that most of the whiskers were deflected rostrocaudally around 15°for 300 ms. The number of spikes during the 300-ms deflection was averaged for each cell.
Statistical analysis. All data are expressed as means Ϯ SE, and a Student's t-test was used.
Optical imaging. Experiments were performed on six CxNR1KO and six control mice at 3 wk of age using MiCAM02 system (Brainvision, Tokyo, Japan). Animals were anesthetized with urethane, and their heads were shaved and placed into a stereotaxic frame. A 3-ϫ 3-mm cranial opening was made over the left parietal cortex. The exposed dural surface was cleaned with hemostatic sponge dipped in ACSF. During the experiment, the body temperature of the animal was kept at 37°C by a temperature-controlled heating pad. The voltage-sensitive dye RH-1691 (Optical Imaging; 1.0 mg/ml in ACSF) was applied to the exposed dural surface for 45 min. After staining, the cortex was washed with dye-free ACSF for 15 min (Grinvald and Hildesheim 2004; Tsytsarev et al. 2009 Tsytsarev et al. , 2010 . The cortical surface was covered with high-density silicone oil and then sealed with a 0.1-mm-thick cover glass to suppress the brain pulsation originating from cardiovascular and respiratory movements.
MiCAM02 objective was positioned above the recording area with its optical axis perpendicular to the imaging area. The focusing plane was adjusted to the depth of 200 m below the cortical surface (the border between layers II/III and IV in 3-wk-old mice). At the start of each optical recording, a grayscale image of the cortical surface was obtained and then moved down 200 m to the ROI. Whereas the focal plane was 200 m below the cortical surface, signals obtained are a combination of fluorescence coming from ϳ150 m below and above the focal plane as has been described in other, similar studies (Grinvald et al. 2001 ).
Each experiment consisted of 100 trials, 500 frames per trial, with the stimulus (whisker E2 deflection) presented at the 300th frame, 1 trial per stimulus. The intertrial interval was 8 s. Change in fluorescence was calculated as ⌬F/F (in percentage; Tominaga et al. 2013) in the ROI using BrainVision Analyzer. Before whisker stimulation, all of the whiskers except row E whisker 2 (E2 whisker) were clipped close to the skin. A glass pipette (1.0 mm in diameter) fitted onto an XYZ manipulator was aimed at the E2 whisker. Air-puff stimulus of 25-ms duration was applied through a Picospritzer pressure valve connected to the glass pipette. The Picospritzer was coupled to the imaging system through the Mi-CAM02 computer so that the air could be puffed onto the whiskers and optical signals collected simultaneously. In a few exemplary cases, after the termination of the experiment, the animal was euthanized, and the brain was removed and processed for histology to assess the depth of layers II/III and IV.
For data analysis, we constructed a pseudocolor map using firstframe analysis and then averaging the data for each session (Ferezou et al. 2006; Orbach et al. 1985; Petersen et al. 2003; Shoham et al. 1999; Tsytsarev et al. 2009 Tsytsarev et al. , 2010 ). Thus we obtained pseudocolor maps of the areas activated by whisker stimulus.
RESULTS
As previously reported, barrel cortex of CxNR1KO mice lack cellular patterns (barrels) even though TCAs form rudimentary patterns (Datwani et al. 2002; Iwasato et al. 2000) . We first confirmed this phenotype by double-labeling the barrel cortex with VGLUT2 and NeuN Abs for TCA and cellular patterns, respectively. As illustrated in Fig. 1, A and B, distinct but less-developed and smaller TCA patterns can be detected in the mutant cortex, whereas cellular patterning is absent.
Immediate early gene c-fos expression following whisker stimulation. Unilateral clipping of all whiskers except row C and manual stimulation of the intact whiskers back and forth (anterior to posterior) with a brush yielded distinct and localized c-fos immunoreactivity in row C barrels (Fig. 1, C and  C' ). In striking contrast, similar experiments in CxNR1KO mice yielded c-fos immunolabeling diffusely distributed across the barrel field area without notable localization (Fig. 1, D and  D' ). Unlike the barrel cortex, C row whisker stimulationinduced c-fos immunoreactivity in subcortical trigeminal centers, the PrV and the VPM, were comparable and localized in both the control and mutant brains (Fig. 2) . Thus the alterations in c-fos immunoreactivity patterns occurred only in the barrel cortex of CxNR1KO mice. Whisker stimulation-induced c-fos activity reveals a general picture of the functional state of the whisker-barrel pathway. We performed in vitro brain slice and in vivo electrophysiology to gain further insight into information processing along this pathway in the absence of functional NMDARs in the barrel cortex.
Layer IV excitatory neurons of the barrel cortex lack NMDAR-mediated postsynaptic responses in CxNR1KO mice. Because in the barrel cortex of CxNR1KO mice only excitatory neurons lack NR1 subunits (Iwasato et al. 2000) , we analyzed electrophysiological data collected from layer IV excitatory neurons electrophysiologically defined in previous studies (Agmon and Connors 1992; Beierlein et al. 2003; Feldmeyer et al. 1999) . In control mice, layer IV excitatory neurons responded to membrane depolarization with an adapting train of spikes (regular spike; Fig. 3A) . Stimulation of the VPM nucleus induced an EPSC that had a longer duration at a holding potential of ϩ60 mV and a short duration at Ϫ70 mV (Fig.  3C) , suggesting that the EPSC was mediated by both AMPA receptors (AMPARs) and NMDARs. The EPSC at ϩ60 mV was partially blocked by application of D-APV (100 M), an NMDAR antagonist, and left the AMPAR-mediated EPSC intact (Fig. 3E , trace 1 vs. trace 2). To see the temporal difference between AMPAR-mediated EPSC and NMDARmediated (D-APV-sensitive) current, we show the record at a faster sweep speed. Note that at the peak of AMPAR-mediated EPSC (peak latency was ϳ8 ms), the amplitude of NMDARmediated current is negligible, similar to our previous observation in the PrV . In CxNR1KO cortex, excitatory neurons also fired regular spikes (Fig. 3B) . The EPSCs induced from stimulation of VPM had similar durations at different holding potentials (Fig. 3D) . The EPSC at ϩ60 mV was completely blocked by NBQX (10 M), an AMPAR antagonist, indicating the absence of NMDAR-mediated postsynaptic response (Fig. 3F , trace 1 vs. trace 2, also at a faster sweep speed). Note that the amplitude of AMPAR-mediated EPSCs at ϩ60 mV (Fig. 3, D-F) is considerably higher compared with that at Ϫ70 mV (Fig. 3, C and D) , indicating that AMPARs of recorded neurons contain glutamate receptor subunit 2 (GluR2) without inward rectification as shown in GluR2-lacking AMPARs [for review, see Isaac et al. (2007) ]. Absence of NMDAR-mediated currents in excitatory cortical neurons is predicted from in situ hybridization and Western blot data (Iwasato et al. 2000) ; the present result is the first physiological confirmation at a single-cell level.
We measured the half-amplitude duration of EPSCs. In control mice, the averaged half-amplitude duration of EPSCs at ϩ60 mV was 159.7 Ϯ 14.0 ms (n ϭ 15), whereas that in CxNR1KO mice was 79.6 Ϯ 10.4 ms (n ϭ 11), ϳ50% shorter (P Ͻ 0.0003) than control mice (Fig. 3G ). Next, we tested the effect of shortened postsynaptic responses on synaptic transmission of thalamic inputs.
Temporal summation of repetitive thalamic afferents is impaired in CxNR1KO barrel cortex. As reported earlier, 37% VPM neurons display slowly adapting responses with tonic discharges of 23.74 Ϯ 18.86 spikes per second (Simons and Carvell 1989) . We stimulated VPM with seven pulses at 20 Hz (interstimulus interval ϭ 50 ms) to test postsynaptic responses. In control mice, all excitatory postsynaptic potentials (EPSPs) overlapped and built up a membrane depolarization (Fig. 4A) . The curve of averaged temporal summation of EPSPs ( Fig. 4C ; n ϭ 16, from 5 neurons) indicated that the peaks of subsequent EPSPs (measured from peak to Ϫ60 mV) were higher than the peak of the 1st EPSP. Specifically, when stimulus intensity increases, each EPSP can trigger a postsynaptic spike, suggesting that the thalamic afferent signals can be transmitted to the barrel cortex faithfully. However, in CxNR1KO mice, the EPSPs could not build up a membrane depolarization (Fig. 4B) . The averaged peaks of subsequent EPSPs were gradually lower than the 1st ( Fig. 4C ; n ϭ 20, from 6 neurons). Thus the temporal summation of EPSPs at 20 Hz of layer IV excitatory neurons was impaired in CxNR1KO mice. That means only early EPSPs can trigger spikes so that the transmission of tonic thalamic signals to barrel cortex is impaired in CxNR1KO mice. Therefore, the best way to test temporal summation is to count the number of spikes (spiking probability) induced by the same stimulus. The outcome of temporal summation of EPSPs depends on two factors: duration of EPSP and presynaptic release probability. We used a paired-pulse protocol with 200-ms interstimulus interval to test presynaptic release probability. For these experiments, the PPR was measured from AMPAR-mediated EPSCs at a holding potential of Ϫ70 mV.
An example record from a control mouse is presented in Fig.  4D . Averaged PPR was 75.7 Ϯ 3% ( Fig. 4F; n ϭ 18 ). An example record from a CxNR1KO mouse is given in Fig. 4E . Averaged PPR in CxNR1KO mice was 74.7 Ϯ 3.2% ( Fig. 4F ; n ϭ 12), which is about the same as that of control mice (P Ͼ 0.80). Thus the impaired temporal summation of subsequent EPSPs in CxNR1KO mice is caused by the short duration of EPSPs. Next, we performed in vivo experiments to test the responses to whisker deflection of cortical neurons in control and CxNR1KO mice.
Reduction of tonic responses to whisker deflection of barrel cortical neurons in CxNR1KO mice.
To investigate further temporal summation in the absence of functional NMDARs in excitatory barrel neurons, we performed in vivo experiments and recorded cortical responses to whisker deflection. Both extracellular (Fig. 5A ) and intracellular recordings (Fig. 5 , C and E) with sharp microelectrodes from barrel cortex showed regular spontaneous activities that are induced by up and down of the membrane potential (Fig. 5E , bottom trace; Petersen et al. 2003) . In both control and CxNR1KO mice, there were 2 types of responses to whisker deflection. Phasic (rapidly adapting) response contained 1-2 spikes during whisker deflection with an average of 1.5 Ϯ 0.1 spikes (n ϭ 12, from 4 mice). Example records of phasic responses are given in Fig. 5 , B, D, and F. In control mice, tonic (slowly adapting) response contained a train of spikes with an average of 5.6 Ϯ 0.6 spikes (n ϭ 16) that was different from phasic response (P Ͻ 0.0001). Example records of extracellular and intracellular tonic responses from control mice are presented in Fig. 6 , A and C. Note that superimposed 5 traces of intracellular records (Fig.  6E , bottom trace) revealed a sustained depolarization that gave rise to repetitive spikes. This depolarization was composed of temporal summation of EPSPs, counteracted by feedforward IPSPs from the primary whisker, lateral IPSPs from surrounding whiskers, and spike afterhyperpolarizations. Example records of tonic responses from CxNR1KO mice are shown in Fig. 6 , B and D, with much fewer spikes during whisker deflection. Superimposed five traces of intracellular recordings (Fig. 6F, bottom trace) reveal an unstable depolarization with fewer spikes riding on it (Fig. 6F, top trace) . We divided the recorded neurons into three groups according to their depth in the neocortex (Quairiaux et al. 2007 ): layer II-III (150 -350 m), layer IV (350 -480 m), and layer V-VI (480 -1,000 M). In both control and CxNR1KO mice, the spike number of tonic responses showed no layer specificity (P Ͼ 0.44), thus we pooled neurons from all layers. An average of spike number of tonic responses in control mice was 5.6 Ϯ 0.6 (n ϭ 16, from 6 wild-type mice; Fig. 6G ) and that for CxNR1KO mice was 2.3 Ϯ 0.2 (n ϭ 9, from 4 CxNR1KO mice; Fig. 6G ). Thus the tonic responses in CxNR1KO mice reduced by ϳ55% (P Ͼ 0.001).
Increase in thalamic inputs to layer IV excitatory neurons in CxNR1KO mice. Morphological studies showed dendritic trees of layer IV spiny stellate cells fail to orient and single TCA terminals form widespread arbors in CxNR1KO mice (Datwani et al. 2002; Lee et al. 2005 ). c-fos Immunolabeling and voltage-sensitive dye imaging following whisker stimulation also corroborated morphological results at a functional level. However, we do not know whether the overlapping widespread thalamic afferent arbors converge on single cortical neurons. We employed an additional electrophysiological approach, MII, that has been effectively used in several other systems to assess functional convergence (Arsenault and Zhang 2006; Crepel et al. 1976; Lo et al. 2002 Lu and ConstantinePaton 2004; Mariani and Changeux 1981; Stevens et al. 2007 ). We used this approach to estimate the number of VPM neurons A: in control mice, layer IV excitatory neurons respond to membrane depolarization with an adapting train of spikes (regular spike). C: at a holding potential (H.P.) of ϩ60-mV, stimulation of the VPM induces excitatory postsynaptic current (EPSC) with a longer duration, whereas at Ϫ70 mV it has a short duration, indicating that the EPSC is mediated by AMPA receptors (AMPARs) and NMDARs. E: at ϩ60 mV, the EPSC is partially blocked by application of an NMDAR antagonist, D-APV (100 M; trace 1, before; trace 2, after D-APV). To see the temporal difference between AMPAR-mediated EPSC and NMDAR-mediated (D-APV-sensitive) current, we show the record at a faster sweep speed. B: in CxNR1KO mice, layer IV excitatory neurons also fire regular spikes. D: the EPSCs induced from stimulation of VPM have similar durations at different holding potentials. F: the EPSC at ϩ60 mV is completely blocked by AMPAR antagonist NBQX (10 M, trace 1, before; trace 2, after NBQX, also at a faster sweep speed). G: in control mice, the averaged half-amplitude duration of EPSCs at ϩ60 mV is 159.7 Ϯ 14.0 ms (n ϭ 15), whereas that in CxNR1KO mice is 79.6 Ϯ 10.4 ms, which is significantly shorter (P Ͻ 0.0003) than control mice. converging on single layer IV neurons in the barrel cortex in control and CxNR1KO mice. During these recordings, we paid attention to monosynaptic responses. Occasionally, we recorded polysynaptic EPSCs or EPSPs from layer IV excitatory cells, but the peak latency of the polysynaptic responses is longer than the monosynaptic response. As shown in Fig. 7, A and B, the latencies of the EPSCs are almost fixed, and we measured the amplitude of the first peaks. Thus our MII analysis is derived from monosynaptic EPSCs.
At a holding potential of ϩ60 mV, EPSCs induced by incremental increases in stimulus intensity can be gathered into five groups separated by big gaps (Fig. 7A) . Plot of peak amplitude of EPSCs against stimulus intensity revealed five jumping steps (Fig. 7C) . Therefore, the recorded neuron receives inputs from at least five VPM neurons. Averaged MII in control mice was 5.0 Ϯ 0.4 (n ϭ 15; Fig. 4E ). In CxNR1KO mice, the number of jumping steps of EPSCs was much higher. Example records from a layer IV neuron in a CxNR1KO mouse showed nine jumping steps in EPSC amplitude (Fig. 7, B and  D) . Averaged MII in CxNR1KO mice was 9.1 Ϯ 0.9 (n ϭ 11), suggesting that single layer IV excitatory neurons in CxNR1KO mice receive thalamic inputs from about two times more VPM neurons compared with control mice (P Ͻ 0.0008).
The above-described findings should be interpreted with the caveat that the thalamocortical slice cannot contain the entire VPM to SI cortex connections. Thus the MII analysis in thalamocortical slices does not reveal the exact number of VPM cells that converge on a single layer IV cell. Nonetheless, this approach gives a reliable estimate of the lowest number of VPM neurons innervating single cortical cells .
A far more widespread cortical activation area was seen in optical signals following E2 whisker stimulation in CxNR1KO mice. For all examined animals, whisker stimulation elicited optical signals in the barrel field of the contralateral hemisphere. Voltage-sensitive dye signal usually appeared just after the frame when the stimulus was presented and reached its peak 10 -20 ms after the stimulus onset and then decreased and returned to baseline within 20 -30 ms. There was a striking difference in spatial distribution of the optical signals between the control and mutant barrel cortex (Fig. 8) . In control mice, optical signals were located in a discrete spot corresponding to the E2 barrel region, as it has been reported in previous, similar imaging studies in mice (Ferezou et al. 2006) . In contrast, in CxNR1KO mice, signals were weak and spread across a conspicuously wide area (1-2 mm 2 ). We performed comparative analysis of the areas activated by whisker stimulation. The sizes of the activated areas were calculated and averaged after setting the threshold at half of the maximum signal strength (Tsytsarev et al. 2009 (Tsytsarev et al. , 2010 . At maximal size, the activity field covered an area of 2,972 pixels (1.86 mm 2 ) in CxNR1KO and 1,137 pixels (0.71 mm 2 ) in control animals, and the confidences were 591 (0.37 mm 2 ) and 202 (0.13 mm 2 ), respectively (Fig. 9A) . The difference between sizes of the activated areas of the CxNR1KO and control animals is statistically significant (t-test, 2-tailed, 2-sampled equal variants, P ϭ 0.001301). Figure  9B also illustrates the dye spread along the mediolateral and dorsoventral axes of the neocortex. We could see that the voltage-sensitive dye RH-1691 (Optical Imaging) loading extended across all cortical layers. It is important to note that in the imaging experiments we do not have real depth resolution. The fluorescence signal in each pixel consists of the signal from whole "column" of tissue below this pixel. We set the plane of focus 200 m below the surface, but this can only partially cut off the signal from above and below the focal plane. Different technical approaches showed that RH-1691 is preferentially located in the layers II-III (Ferezou et al. 2006; Lippert et al. 2007 ). Layers I-III contain ϳ70% of the dye and most likely the fluorescent signal (Lippert et al. 2007 ). Illumination intensity decreases with depth (because of dye concentration), whereas light scattering increases; activity in layers V-VI has smaller contribution to the signal. Therefore, the voltage-sensitive dye signal in our experiments is most likely a combination of spikes and synaptic activity in layers II-IV.
DISCUSSION
Postsynaptic NMDAR-mediated activity is blocked in the barrel cortex following selective deletion of the NR1 gene in CxNR1KO mice (Iwasato et al. 2000) . In these mutants, the whiskers on the snout and subcortical whisker-related patterns appear normal, whereas the structural features of the barrel cortex are not. Patterned aggregation (barrels) of layer IV spiny stellate neurons fail to form, normally skewed dendritic field B: example records from a layer IV excitatory neuron of a CxNR1KO mouse showing more gaps separating the EPSCs induced by increasing stimulus intensity. D: plot peak amplitude of EPSCs in C against stimulus intensity reveals 9 jumping steps (MII ϭ 9). E: averaged MII in CxNR1KO mice (black bar) is significantly higher (P Ͻ 0.0008) than that of control mice (white bar). orientation is absent, and the TCAs form exuberant terminal arbors within which there is rudimentary clustering (Datwani et al. 2002; Iwasato et al. 2000; Lee et al. 2005) . Similar barrel cortex defects have also been noted in mice with genetic defects in other components of the glutamatergic pathway such as metabotropic GluR5 (mGluR5) and PLC-␤ (Ballester- Rosado et al. 2010; Hannan et al. 1998 Hannan et al. , 2001 . Although increasing numbers of genetically modified mouse models with barrel cortex defects are emerging [see Erzurumlu and Gaspar (2012) and Wu et al. (2011) for recent reviews], few studies have investigated the functional and behavioral consequences of altered barrel cortex phenotypes.
The behavioral tests specific for the whisker-barrel pathway function are sparse. Overall, diminished mobility in CxNR1KO mice and lack of exploratory behavior also make it very difficult to assess the behavioral consequences of cortical NMDAR disruption. In most instances, these mutants appear almost catatonic as they grow up. However, it is possible to compare the activity-dependent and electrophysiological characteristics of the thalamocortical pathway by other means as we have done in this study.
CxNR1KO mice do not readily explore novel environments, but it is possible to stimulate individual whiskers and elicit immediate early gene expression patterns in subcortical trigeminal centers similar to control mice. Previous voltage-sensitive dye imaging studies also indicated that the synaptic communication from the whiskers all the way to the neocortex is not blocked; it becomes defective at the cortical level (Iwasato et al. 2000) . Our whisker stimulation and c-fos immunostaining experiments also show that there is a patterned, stimulusinduced c-fos expression in a specific manner within the PrV and in the VPM, but in the barrel cortex this expression becomes diffuse and not whisker-specific. This is what one would expect from previously reported exuberant branching of TCAs in the barrel cortex (Lee et al. 2005) .
Initial voltage-sensitive dye imaging of the CxNR1KO barrel cortex confirmed lack of NMDAR-mediated excitation (Iwasato et al. 2000) . The present study further confirms this observation at a cellular level showing layer IV excitatory neurons in CxNR1KO mice do not have NMDAR-mediated EPSC. Thus the half-amplitude duration of EPSC in CxNR1KO mice is ϳ50% shorter than that of control mice at ages of P8 -P28. This may be true also for adult mice because the switch from NR2B to NR2A subunits of NMDAR is largely completed (Lu et al. 2001 ) and the kinetics of NMDAR-mediated EPSP is stabilized after P7.
In juvenile CxNR1KO mice, the tonic response to whisker deflection is reduced by ϳ55% due to the shortening of EPSPs. In the trigeminal ganglion cells, tonic responses represent amplitude of whisker deflection (Shoykhet et al. 2000 ; Stuttgen In CxNR1KO mice, the dendritic field of spiny stellate (layer IV excitatory) cells covers a larger territory and exhibits profuse branching with increased spine density compared with control mice (Datwani et al. 2002) . In normal mice, TCA arbors are largely confined to a single barrel and are discontinuous in their distribution (Lee et al. 2005; Petersen 2007 ). The arbors in CxNR1KO mice expand laterally to cover a larger area spanning multiple presumptive barrel territories (Lee et al. 2005) . Thus exuberant TCA arborization suggests that thalamic afferents from different whisker barreloids have overlapping synaptic territories. This overlap may or may not result in convergence onto the same postsynaptic partners. Our MII analyses revealed that different thalamic afferents indeed converge onto single layer IV excitatory neurons. The MII analysis has been used to estimate the number of innervating fibers or neurons to single target in the olivocerebellar (Crepel et al. 1976; Mariani and Changeux 1981) , retinogeniculate (Lo et al. 2002; Stevens et al. 2007 ), retinocollicular (Lu and Constantine-Paton 2004) , and medial lemniscal pathways (Arsenault and Zhang 2006) and the first relay station of the trigeminal pathway, PrV . The criterion for multiple innervation is the abrupt jump in the amplitude of postsynaptic responses on progressively increasing stimulus intensity. A jumping step represents additional activation of a group of fibers or neurons by a given stimulus intensity. Thus the number of jumping steps provides an estimation of the lower limit of inputs to a neuron. Whereas previous studies judged the steps entirely by eye, we have been defining the number of steps with statistical methods ; see also MATERIALS AND METHODS). In the present study, we found an increase in MII in CxNR1KO mice indicating that layer IV neurons in CxNR1KO mice receive thalamic inputs from more VPM neurons than control mice. We predict that the overlapped thalamic afferents lead to a defect in spatial discrimination of the whisker-induced sensory information.
Voltage-sensitive dye imaging results also support our conclusions derived from immunocytochemical detection of immediate early gene expression experiments. As in previous studies in both rats and mice (Ferezou et al. 2006; Petersen et al. 2003; Tsytsarev et al. 2010) , single brief whisker deflections evoked highly focalized optical responses in normal mouse cortex, but, in contrast, the response was widespread over the barrel cortex of CxNR1KO mice. These activity-dependent indices further confirm our morphological observations that CxNR1KO mice have exuberant thalamocortical projections (Lee et al. 2005 ).
In conclusion, the results of the present study show that targeted deletion of the gene encoding for the essential subunit of the NMDARs in cortical excitatory neurons in the developing mouse brain leads to significant functional impairment in somatosensory information processing later in life. In CxNR1KO mice, typical activation of the barrel cortex in a one-whisker, one-barrel fashion is compromised; spatial discrimination and tonic response-encoded information from the whiskers are weakened.
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